The high resolution infrared spectrum of pyrazine and naphthalene were measured in a molecular beam in the vicinity of the C-H stretching transition. The rotational structure in the spectrum of pyrazine from 3065-3073 cm-1 reveals that the C-H stretch is coupled to one other vibrational mode in the molecule. The mode coupling is manifested in the spectrum as two overlapping vibrational bands. Each of these two bands are well modeled by an asymmetric top/rigid rotor Hamiltonian. The lack of any angular momentum dependence on the coupling indicates that the vibrations are coupled by an anharmonic mechanism. The magnitude of the coupling matrix element was determined to be 0.36 cm-1 . The rotational structure in the spectrum of naphthalene from 3063-3067 cm-1 reveals that except for several local perturbations. the spectrum is well modeled by an asymmetric top/rigid rotor Hamiltonian. The local perturbations include transitions that are split into doublets as well as transitions that have been shifted from their expected positions. The magnitude of the average coupling matrix element for the doublets was determined to be 0.0016 cm-1 . A comparison between the vibrational mode coupling in pyrazine and naphthalene indicates that mode coupling does not correlate with the density of states in the two molecules.
I. Introduction
High resolution infrared spectroscopy has become a powerful probe of intramolecular vibrational mode coupling in the ground electronic state of small to mid-sized organic molecules 1 " 19 . The mechanism and/or the magnitude of mode coupling have been determined for a number of molecules including formamide', substituted ethanes4-9 and a host of molecules containing acetylenic C-H stretches11"1 7 . As the number and variety of molecules studied has increased, attempts have been made to ...... The two molecules considered in this study, pyrazine and naphthalene, do not possess the low frequency torsional motions that have been identified as enhancing mode coupling, but they do possess state densities that differ by nearly two orders of magnitude in the C-H stretching region. Thus, determining the vibrational mode coupling present in molecules with greatly different state densities will give some insights into the relative importance of molecular structure as compared to state densities in determining the extent of vibrational mode coupling.
The structural and spectroscopic properties of pyrazine and naphthalene are strikingly similar. Numerous experimental studies have investigated the ground state geometry of pyrazine including infrared 24 -28 and Raman 25 " 30 spectroscopies, electron diffraction 31 ' 32 , x-ray diffraction 33 , and liquid crystal NMR 32 . Naphthalene has also been investigated by a variety of experimental techniques including infrared34- 46 and Raman 38 -41 spectroscopies, and x-ray diffraction 47 '48 . These studies have shown that both molecules have planar structures consisting of aromatic rings, as shown in Figure 1 , and both belong to the same symmetry group D2h. Previous studies have also determined that in the ground electronic state the frequencies of analogous vibrational modes are similar as shown in Table I . The lowest frequency mode in pyrazine has been assigned as an out-of-plane ring deformation located at 350 cm-1 . Naphthalene's lowest frequency mode is the out-of-plane wing-wagging mode at 176 cm-1 and its second lowest mode is the out-of-plane ring deformation mode at 188 cm-1. These frequencies for naphthalene are similar to the torsional frequencies found in substituted ethanes such as 2-fluoroethanol, 1,2-difluoroethane and 1-Chloro-2-fluoroethane. The structure and vibrational modes of pyrazine result in a state density that is smaller than the state density found in the substituted ethanes. Naphthalene, on the other hand has a larger state density than the substituted ethanes, not only because of its two low-frequency modes, but also because it is significantly larger than the substituted ethanes.
Extensive work has also been performed on the electronic excited states of pyrazine and naphthalene. The lowest electronic excitation of pyrazine is the 1 B3u+--Ag transition whose origin is located at 30,876 cm'l. 49 -6 The fluorescence quantum yield of the origin of this transition is 0.0028, [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] indicating that non-radiative processes are the dominant relaxation channels 3 in the electronically excited molecule. In the case of pyrazine, the intersystem crossing between the IB3u singlet and the 3 B 3 u triplet state 57 72 . As the excitation energy increases, internal conversion to the ground state becomes important, until at high energy it is the preferred nonradiative channel 72 . These previous studies on pyrazine and naphthalene have clearly demonstrated that in the electronic excited state, energy redistribution occurs by a variety of pathways, and that the nature of specific rotational and vibrational levels plays an important role.
In this study we examine the vibrational mode coupling present in both pyrazine and naphthalene on the ground state potential surface using high resolution infrared spectroscopy in a molecular beam. The spectrum of one of the C-H stretching modes, located near 3065 cm-1 , is measured for each molecule. The significance of mode coupling in these two molecules is related to molecular structure and to the density of states.
II. Experimental
The spectra of pyrazine and naphthalene were collected using two similar experimental setups. The first setup was the high resolution infrared, optothermal spectrometer described in detail elsewhere 5 ' 6 . This apparatus was used to collect the spectrum of pyrazine. The second setup was a modification of the first and was used to collect the spectrum of naphthalene.
The experimental apparatus used in both experiments will be described briefly here and the modifications highlighted.
Pyrazine
The high resolution infrared laser beam is generated by a color-center laser (Burleigh FCL-20) which is pumped by an argon ion (Coherent Innova 15) pumped dye laser (Coherent 599). This laser system produces 3-5 mW of tunable infrared radiation with a spectral resolution of 7 MHz. In order to collect the spectrum of pyrazine the laser was scanned over the spectral region 3065-3073 cm-1 which corresponds to the frequency of the highest energy, infrared active C-H stretching mode, V 15 , as shown in Table I . The laser was continuously monitored by a 750 MIHz etalon, a 7.5 GHz spectrum analyzer and a PbSe power detector. These instruments were used for the detection and correction of non-linearities in the frequency scan and laser power fluctuations as described elsewhere 5 , 6 . In addition to the laser power fluctuations, the intensities of the peaks were also corrected for desensitization of the bolometer over time. The laser was mechanically chopped at 250 Hz for phase sensitive detection using a lock-in amplifier. The laser was focused onto the molecular beam and multipassed approximately 40 times using two parallel mirrors. Multipassing decreased the spectral resolution to 12 MHz, but increased the signal to noise ratio by a factor of eight. The signal to noise ratio, as measured on an acetylene V 3 transition located at 3297.1857 cm-1 , was 10,000 to 1. For pyrazine, the typical signal to noise ratio was 30 to 1 due to the smaller absorption cross section. to noise ratio over the apparatus used to collect the pyrazine spectrum. The signal to noise ratio, as measured on an acetylene V 3 transition located at 3297.1857 cm-1 , was 30,000 to 1. For naphthalene, the typical signal to noise ratio was 8 to 1 due to the smaller absorption cross section.
Naphthalene was purchased from Fischer Scientific and was used without further purification. Naphthalene was seeded into the molecular beam by passing helium through a stainless steel reservoir immediately behind the nozzle. The naphthalene was ground into a fine powder and 7 supported on cotton in the reservoir. The sample reservoir was heated to either 100 °C or to 120 'C. The lower temperature was used with a backing pressure of 20 psig resulting in a rotational temperature of 9 K. The higher temperature was used with a backing pressure of 60 psig resuiting in a rotational temperature of 5 K.
III. Results
The high resolution infrared spectra of pyrazine and naphthalene in the C-H stretching region are shown in Figure 2A and 3A respectively. The individual rotational transitions in each spectrum were assigned quantum numbers by comparing a calculated spectrum with each experimental spectrum. To calculate the spectrum, several parameters were needed including the three ground state rotational constants, three excited state rotational constants, the orientation of the transition dipole with respect to the inertial axes, the frequency of the 0-0 separation, and the rotational temperature. The frequencies of the rotational transitions were determined by exact diagonalization of the asymmetric top Hamiltonian.
Pyrazine
In the case of pyrazine, the ground state rotational constants were initially set to literature values 49 " 52 . Using these same constants as a first approximation for the excited state, and assuming a B-type transition, a spectrum was calculated. This initial spectrum was sufficiently close to the experimental spectrum to allow assignment of many of the transitions. Once these transitions had been assigned, a least squares fitting program and a combination differences program were used to optimize all of the par meters.
The best fit calculated spectrum is a B-type spectrum centered at 3069.09 cm-1, and is shown in Figure 2C . The RMS deviation in the fit of the 227 assigned transitions -s 15 MHz. More than 200 transitions, however, remained unassigned.
The remaining transitions were assigned by assuming that an additional vibrational band was located in this spectral region. The presence of this second band was evident when the assigned transitions from the first band were subtracted from the experimental spectrum. The remaining transitions formed the second band which is partially overlapped with the first band and is centered at 3067.37 cm-1 . The absolute frequencies are measured with a wavemeter with an accuracy of 0.01 cm-1 . The relative frequency separation of the two bands, however, is known with the accuracy of our rotational assignments (12 MHz = 4 x 10-4 cm-') to be 1.4130 cm-1. The second band was assigned using the same procedure as the first band and the resulting best fit calculated spectrum is B-type as shown in Figure 2D .
Comparison of the two bands reveals that the intensity of the second band is 20% of the first band. The 118 peaks assigned m the second band again fit to the experimental spectrum with an RMS deviation of 15 MHz.
The assignments from the two calculated spectra include all transitions in the experimental spectrum with an intensity greater than 5% of the most intense transition. The spectrum generated by the superposition of the two calculated spectra is shown :n Figure 2B . The spectral parameters used to calculate these spectra are given in Table II . The uncertainties reported in Table II were calculated using the procedure described elsewhere, based upon a Monte Carlo simulation of the experimental uncertainties 82 . The assigned transitions in the first (or major) band are given in Table mIl and the assigned transitions in the second (or minor) band in Table IV .
Naphthalene
The ground state rotational constants for naphthalene were initially set to literature values 69 70 . Using these same constants as a first approximation for the excitea state, and assuming a B-type transition a spectrum was calculated. This initial spectrum was not sufficiently close to the experimental spectrum to assign any of the many transitions. The excited stake constants were varied using a modified simulated annealing approach 8 3 , until assignments could be made. Once initial assignments had been made the procedure for fittLig naphthalene was the same as that for pyrazine. The best fit calculated spectrum is a B-type spectrum centered at 3064.58 cm-1 , and is shown in Figure 3B . Local perturbations caused by coupling to another state would account for these "missing" transitions. Mode coupling would result in fragmenting single transitions into two or more transitions. In addition, all transitions to a coupled ro-vibrational state would show the same relative intensity and frequency pattern. Such patterns were found and confirmed by using combination differences. All fragmented transitions indicating mode coupling are given in Table V with the coupling matrix elements. These transitions correspond to three different excited states. The average coupling matrix element was 0.0016 cm-1 . A number of additional transitions corresponding to 34 distinct excited Qtates could be assigned as shown in Table   VI , but the frequencies of the experimental spectrum deviated from the calculated spectrum by significantly more than the experimental uncertainty.
"Combination differences confirmed that the assignments are correct. A further check on assignments was the change in intensity caused by changing the rotational temperature. Spectra with rotational temperatures of approximately 5K and 9K were collected and the intensity changes used to confirm the accuracy of the assignments.
Before concluding that mode coupling was responsible for all deviations from rigid rotor behavior, possible centrifugal distortion effects were investigated. Attempts were made to fit the spectrum using quartic centrifugal distortion constants. The peaks that possess large deviations from the calculated positions continued to deviate even with distortion constants.
Thus, we concluded that centrifugal distortion effects were not responsible for the observed perturbations in the spectrum.
The assigned transitions include all transitions in the experimental spectrum with an intensity greater than 15% of the most intense transition.
The spectr-, parameters used to generate the best fit calculated spectrum are given in Table LI . The uncertainties reported in Table H wer, calculated using the procedure described elsewhere, based upon a Monte Carlo simulation of the experimental uncertainties 82 . All assigned transitions for the naphthalene spectrum are given in Table Vii .
IV. Discussion
If vibrational mode coupling is the cause of both the second band in the py-azine spectra and the perturbations in the naphthalene spectra, careful analysis of the two spectra can provide information about the mechanism of mode coupling and the nature of the coupled states. In addition, the vibrational mode coupling in each molecule will be compared and the similarities or differences will be related to molecular structure and density of states.
Before concluding that the appearance of a second vibrational band in the spectrum of pyrazine is the result of vibrational mode coupling, other alternatives must be eliminated. Other possible explanations are as follows:
(1) another vibrational band that coincidentally falls m the same spectral region; (2) a hot band; or (3) a complex. The frequencies of the 24 fundamental modes of pyrazine are given in Table I anharmonicities. Conservatively, we assume that any state within a 10 cm-1 region are candidates for the coupled dark state. Symmetry restrictions reduce the states available for coupling to 7 states. These states are shown in Table VIfI .
Having determined that vibrational mode coupling results in doublets in the pyrazine spectrum, the spectrum can be deconvolved using the formalism developed by Lawrence and Knight"4. This procedure determines the frequencies of the bright state and the perturbing dark state as well as the coupling matrix elements. The utility of this procedure is limited due to its reliance upon both the relative frequencies and relative intensities. We can only reproduce our experimental intensities to 10% of full scale, thus introducing error into ihe deconvolution procedure. When the peaks are close in frequency, deconvolution does not introduce significant error in the resulting deconvolved spectra. Our peaks, however, are separated by 1.4130
cm" 1 , introducing significant error in the deconvolution.
Despite these limitations, some information can be determined about the coupling in the spectrum of pyrazine. We can determine whether the Using density of states arguments, these two molecules are predicted to exhibit very similar coupling behavior. Such similarities are not observed.
While naphthalene exhibits occasional coupling to other states sporadically throughout the spectrum, 2FE couples to every available state, throughout the spectrum. This dramatic difference in coupling behavior is not consistent with density of states arguments.
The most obvious structural difference between naphthalene and 2FE
is the presence of the torsional mode in 2FE. Torsional quanta are present in over 90% of the dark states involved in coupling in 2FE. There are no analogous low frequency, large amplitude modes in naphthalene comparable to torsions. The motion described by ring deformation modes, that have similar frequencies to torsions, do not involve intramolecular interactions.
In contrast, the motion described by torsions involve intramolecular interactions 1,->tween the CH 2 F group and the CH 2 OH group. These kinds of intramolecular interactions have been suggested to enhance vibrational mode coupling, both by the work of Parmenter and coworkers 2°,21 ,86, 87 and by previous work in our group 5 -9 , 2 3 . Thus, we conclude that molecular structure rather than density of states models are required to explain the relative coupling in pyrazine, naphthalene and substituted ethanes. In both molecules the inertial axes are correlated with the given axis system (A to Z and B to Y). 
